The use of electroencephalograms (EEG) to study the avian brain relative to behavior was conducted as early as the 1960's. EEG readings, combined with visual cues, provide the ability to elucidate and correlate behaviors to neurological and physiological changes in a chicken. The use of EEG recordings in animal models require access to the brain to implant electrodes. Having the ability to observe EEG activity on sensible birds without surgical implantation could broaden the research in this area and give further insight related to the hen's state of awareness. The development, construction, and implementation of a minimally invasive EEG electrode placement method is described. After implementation, test animals were exposed to extreme environmental stressors as part of a concurrent depopulation methods study and EEG placement withstood the condition changes and corresponding animal physical activity. Sixteen white commercial laying hens had three monopolar 32-gauge needle electrodes inserted subcutaneously and secured to their head and body. Electrodes were attached to a pre-amplifier which transferred EEG signals to a laptop based recording system. Once the electrodes were in place, the hens were placed in individual treatment/observation chamber then various environmental stressors were applied. Verification that the observed brainwave activity was neural and not muscular was done using a photic stimulation validation test. Behavior observations were recorded to correlate sensible and insensible brainwave activity. The validation test and behavior observations demonstrated the method was successful in measuring EEG in sensible laying hens. The use of a non-surgical method for recording EEG will broaden research capabilities and enhance the understanding of a hen's response its environment, eliminate the need for invasive surgical procedures, and minimizes the confounding components of anesthesia, brain surgery, and recovery. With further refinements, the method could open new avenues in avian behavioral and physiological research.
INTRODUCTION
The use of electroencephalograms (EEG) to study the avian brain relative to behavior was conducted as early as the 1960's (Ookawa and Gotoh, 1965 ). An EEG is a test used to evaluate the electrical activity in the brain. The avian nervous system is similar to humans in that behaviors can be profiled based on sensible, or voluntary, and insensible, or involuntary, neurological responses. EEG readings, combined with visual cues, provide the ability to elucidate and correlate behaviors C 2018 Poultry Science Association Inc. Received November 10, 2017. Accepted November 22, 2017. 1 Cooresponding author: kanderso@ncsu.edu to neurological changes in a chicken giving researchers a better indication of what is happening physiologically. Classically, the use of EEG recordings in animal models are performed in an invasive way, requiring access to the brain to implant electrodes. In previously conducted studies using poultry, the procedures to attach the electrodes were done either by puncturing the thin skull with a thumb tack using no anesthesia or by using general anesthesia before drilling into the skull and placing the electrodes directly on the brain (Chamberlin, 1943; McKeegan et al., 2011; Turner et al., 2012) . Any procedure using anesthesia requires technical surgical skills and can induce postoperative trauma and stress on the bird. Methodologies utilizing anesthesia also heightens concern for animal welfare by the Institutional Animal Care and Use Committees (IACUC) and researchers alike. Having the ability to observe EEG activity on sensible birds without surgical implantation could give further insight related to the hen's state of awareness.
Commercial chickens' responses to variable environmental stressors in production settings are currently being assessed through various parameters, including avian behavior patterns and serology. Past studies have examined a bird's physical activities, e.g., panting, eating, drinking, feather pecking or preening, to quickly determine the level of stress a bird may be experiencing Anderson et al., 2007; Anderson and Jones, 2012) . Studies have also measured serological responses using heterophil/lymphocyte ratios and heat shock proteins to assess what is happening internally during periods of stress (Davis et al, 2000; Davis et al., 2004) . Though behavior profiles and serology are helpful to analyze the chicken's physiological response to different types of stressors, it would be helpful to know if the bird is aware of its surroundings as stressors are occurring. Collecting EEG alongside behavior profiles and/or serology have been used to get a better idea of the overall response to variable environmental stressors (Pritchett et al., 2014; Cors et al., 2015) .
The purpose of the study described here was develop a technique to observe EEG activity on sensible birds without surgical implantation of electrodes to provide added diagnostic capabilities to assess chickens. The development, construction, and implementation of a minimally invasive EEG electrode placement method is described. After implementation, test animals were exposed to extreme environmental stressors as part of a concurrent depopulation methods study and EEG placement withstood the condition changes and corresponding animal physical activity/behaviors.
MATERIALS AND METHODS

Electrode Placement
The project was approved by the North Carolina State University's IACUC and monitored by animal welfare specialists, North Carolina State University's attending veterinarian and other veterinarians within North Carolina State University's School of Veterinary Medicine. All animals were maintained on North Carolina State University property for the duration of the study. Sixteen white commercial leghorn chickens approximately 69 weeks of age were randomly chosen for the study from a small flock donated to and maintained at the North Carolina State University research facility. The hens were housed in single bird conventional cages and had no procedures beyond the standard care protocol for at least one week prior to euthanasia. Before electrode placement, an elastic hobble was placed on each hen's shanks above the dew claw ( Figure 1 ). This hobble allowed the hen to stand and walk but did not allow it to raise its leg towards its head, which could cause removal of the EEG leads. At least one day prior to sampling, each hen had the feathers removed from the external occipital crest on each side of the comb and at the base of the neck five minutes after application of a 2% topical lidocaine gel. On the day of euthanasia, three monopolar 32-gauge needle electrodes (MLA1213, AD Instruments, Grand Junction, CO) were inserted subcutaneously three minutes after application of lidocaine to the occipital crest area and base of the neck. The red and black electrodes were inserted behind the chicken's comb along the external occipital crest of the cerebral cranium on either side of the brain, while the green (ground) electrode was inserted between the cerebellar fossa of the lower mandible between the waddles in the neck (Figure 2) (Chamberlain, 1943) . All electrode tips were secured to the head using 1/4" surgical adhesive tape passing the tape around each electrode leaving adhesive "wings" and then attaching the adhesive "wings" to the hen after electrode insertion. The electrode leads were then taped together, run under the bird's wing, and looped around the head of the humerus at the scapular joint to reduce entanglement and eliminate dislocation of the electrodes (Figure 3) . The bird was then placed in an individual treatment/observation chamber to adjust 1-2 minutes prior to inducing varied environmental stressors. This adjustment period allowed for the visual verification that the EEG electrode wire tether was not tangled and allowed free movement as well as identification of movement artifacts in the EEG activity due to walking, preening, and/or wing flapping. After the adjustment period, hens were subjected to one of four treatments: 1) reduced airflow, 2) reduced airflow and heat, 3) reduced airflow and increased CO 2 , and 4) reduced airflow, heat, and increased CO 2 . Treatments were continued until time of death (TOD) was determined using both behavior and EEG cues as part of a concurrent depopulation study.
EEG and Behavior Recording
Differential recording electrodes, insulated except at the tips, were attached to a pre-amplifier which transferred the EEG signals to a laptop based recording system. The EEG data was recorded at a standard EEG frequency band of 10-50 Hz and sampled at 100 Hz/channel using Powerlab 8SP equipped with Lab Chart 4 software (AD Instruments, Grand Junction, CO). The digital filter was set at a band-pass frequency of 10 Hz (low) to 30 Hz (high). The transition width was set at auto adjust and the mV range was set at -0.05 to 0.05 mV based on Turner et al. (2012) . EEG activity in 0.5 s intervals was recorded from the point the ground lead was inserted up to a maximum of 2.5 hr post-placement in an individual treatment/observation chamber. Using the EEG leads allowed for the monitoring of EEGs for a long period of time up to 2.5 hr versus the 7-10 minutes of EEG recordings allowed by the portable telemetry collection developed by Lowe et al. (2007) .
Video cameras were positioned in front of each individual treatment/observation chamber to collect behavior data (GoPro Hero 4, GoPro, San Mateo, CA). Recording began from the start of treatment until brainwave activity was below 0.01 mV and TOD ver- ified. Behavioral actions as described by Webster and Fletcher (2001) and Coenen et al. (2009) were recorded from the video using a modified scanning technique based on Anderson et al. (1989) . The behavioral actions were then broken down into two categories-sensible and insensible-as listed in Table 1 . Behaviors were then summarized over 1 min intervals to parallel the EEG brainwave activity.
Electroencephalogram Validation
In order to ensure that the observed electrical activity was neural and not muscular, a validation test was conducted using a strobe light for photic stimulation (Bullock et al., 1990; A'kos Szabó et al., 2016) . The EEG equipment was attached to a flock mate of the sixteen hens described above and placed in an individual treatment/observation chamber within a completely darkened room. A 25 Hz strobe light was turned on four times for 20 s over a ten-minute period shown in Figure 4 . EEGs and behavior data was collected concurrently.
Statistical Analysis
To consolidate the average 102 million EEG data points for each bird, EEG brainwave activity (mV) was summarized over 10 s intervals. For each EEG data set, the wavelengths were transformed by taking the absolute value of the integral relative to the baseline at each 10 s interval. This transformation was done to mitigate the baseline noise. Each value was then subjected to the Hyperbolic Arcsin to emphasize the lower mV readings. EEG data was analyzed in conjunction with the behavior. The behavior data was collected by a trained observer and recorded as the principle behaviors performed during the 10 s interval. These were summarized as a frequency of behaviors performed as a sensible or insensible behavior. The summarized EEG brainwave activity was then overlaid with the observed 
RESULTS AND DISCUSSION
The hobble and electrode placement was maintained on all sixteen laying hens throughout the duration of each treatment. The attending veterinarian applied the surgical tape using a taping method similar to applying an IV catheter in small animals. The surgical tape was strong, light, and applied in a manner that allowed the laying hens to express natural behaviors (walking, wing flapping, preening, panting, etc.) without restriction while discouraging entanglement and removal. Both tape and electrode leads were subjected to a minimal amount of thrashing while the birds acclimated to the individual treatment chamber.
The observed brainwave activity during validation ranged from 0.05 mV to 0.025 mV within the 10 to 30 Hz range immediately after stimulation with the strobe light. The lag in brainwave activity from stimulation to peak varied from 2/10 s to 8/10 s. Video recording commenced prior to strobe light activation to validate the lack of hen activity. The concurrent behavior recordings of the hen with the strobe light stimulation showed that there was no physical activity from the hen in the light stimulation period, thereby indicating an ocular EEG response.
The behavior observations demonstrated that voluntary behaviors were performed above 0.01 mV while involuntary behaviors were observed when the birds were insensible, below 0.01 mV. When a correlation analysis was done on the brainwave activity and the sensible or insensible state, it was determined that the sensible behaviors were positively correlated (P < 0.0001) to brainwave activity above 0.01 mV (Table 2) . Conversely, brainwave activity below 0.01 mV and insensible behaviors were negatively correlated (P < 0.0001) ( Table 3) .
A novel EEG collection method was developed, implemented, and tested in the treatment/ observation chamber environment. Based upon the validation test and behavioral observations, brainwave activity demonstrated that the electrode placement method developed was successful in measuring EEG in non-surgical laying hens. In review of the available literature on EEG associated with poultry, no standard protocol for data acquisition or analysis was described using PowerLab 8 and LabChart 4 software. Based on the authors consultation with North Carolina State University statisticians as well as a Technical Services Representative from AD Instruments, the method for data transformation and subsequent analysis was developed. It was observed that a standardized statistical model is needed to properly analyze and compare data when using a non-invasive methodology for EEG acquisition. This paper was written to help establish methodology and data analysis with the understanding that refinements will be made as more research is conducted. The band-pass frequency of 10-30 Hz was selected after personal correspondence with researchers at Auburn University. The 0.01 mV cutoff was chosen based on visual observation and verification of TOD by the attending veterinarian. At 0.01 mV, laying hens had undergone loss of posture and cessation of respiration.
This non-invasive method for recording EEG could enhance understanding of the hen's behavioral and neurological response when presented with various environmental stressors. This method could also eliminate the need for invasive surgical procedures, minimizing the confounding components of anesthesia, brain surgery, and recovery from stress and broadening the potential use of the EEG as a research tool. With further refinements of the procedure, including a standardized method of transformation of data, a method for securing the probes, and the addition of a portable recorder, new venues could open in avian behavioral and physiological research.
